fe> 1990 Oxford University Press 



Nucleic Acids Research, Vol. 18, No. 13 3739 



Vligh fidelity DNA synthesis by the Thermus aquaticus 
DNA polymerase 

Kristin A.Eckert and Thomas A.Kunker 

Laboratory of Molecular Genetics, National Institute of Environmental Health Sciences 
PO Box 12233, Research Triangle Park, NC 27709, USA 



Received April 18, 1990; Revised and Accepted May 22, 1990 



ABSTRACT 

We demonstrate that despite lacking a 3' -5' 
proofreading exonuclaaaa, the Thermus aquaticus 
(Taq) DNA polymerase can catalyze highly accurate 
DNA synthesis In vitro. Under defined reaction 
conditions, the error rate per nucleotide polymerized 
at 70°C can be as tow as 10~ 6 for base substitution 
errors and 10 * e for trameshfft errors. The frequency 
of mutations produced during a single round of DNA 
synthesis of the lac Za gene by Taq polymerase 
respond* to changes in dNTP concentration, pH, and 
the concentration of MgCl s relative to the total 
concentration of deoxynucleotide triphosphates 
present in the reaction. Both base substitution and 
frameshlft error rates of < 1/100,000 were observed at 
pH 5-6 (70 *C) or when MgCI 2 and deoxynucleotide 
triphosphates were present at equimolar 
concentrations. These high fidelity reaction conditions 
tor DNA synthesis by the Taq polymerase may be 
useful for specialized uses of DNA amplified by the 
polymerase chain reaction. 

INTRODUCTION 

Our laboratory has previously analyzed the fidelity of DNA 
synthesis in vitro by the thermostable, exonuclease-deficiem DNA 
polymerase isolated from Thermus aquaticus (Taq) x (1). Using 
reaction conditions similar to those employed with a variety of 
«her polymerases, Taq polymerase generates base substitution 
and one-base frameshift errors at a rate of 1 /9,00c and 1/41 ,000. 
^pectively, during a single round of DNA replication (1). We 
interested in examining the effects of reaction conditions on 
fte fidelity of DNA polymerization by the Taq polymerase for 
^Wl reasons. Firsi, the Taq polymerase has no detectable 
3 **5' proofreading exonuclease activity (1). allowing the 
accuracy inherent to DNA synthesis by the polymerase to be 
examined. Second, this enzyme is capable of DNA synthesis 
using a wide range of in vitro reaction conditions (2). Variations 
j*™ type and concentration of activating divalent metal ion, 
™* pH, and the dNTP concentration are known to influence the 
and processivity of polymerization with other DNA 
Polymerases (3,4), and several observations suggest that these 
P^wneten may influence fidelity as well (5,6). 



The Taq polymerase is the enzyme of choice in amplification 
of genetic information by the polymerase chain reaction (PCR). 
DNA amplification by PCR is being performed using t variety 
of in vitro reaction conditions, each determined by the DNA target 
sequence, the set of primers and the preference of the investigator 
(7). The observed error rate (mutations per nucleotide per cycle) 
of Taq polymerase during PCR can differ at least 10-fold, from 
2 x 10~ 4 to < 1 .2 x 10 -3 , using different target sequences and 
reaction conditions (8,9), suggesting that these variations may 
influence the fidelity of Taq polymerase. In this report, we 
demonstrate that in a defined polymerase reaction, the 
thermostable Taq polymerase can perform highly accurate DNA 
synthesis. These data may be especially useful for those 
investigations in which highly accurate DNA synthesis throughout 
the PCR process is required to maintain the integrity of the 
original information. 

METHODS 

Enzymes 

The recombinant form of Taq DNA polymerase was a gift Gram 
David Gelfand (Cetus corporation, Emeryville, CA). All otter 
materials were from previously described sources (10). 

DNA polymerase reactions 

M13mp2 gapped DNA substrates were constructed as previously 
described (10), using wild-type M13mp2 (forward assay), 
M13mp2A89 (opal codon reversion assay) or M13mp2+T70 
(frameshift reversion assay) DNA. 

Unless otherwise noted, polymerase reactions (100 /d) 
contained approximately 500 ng (reversion assays) or 600 ng 
(forward assay) gapped DNA substrate, 20 roM TrisHCl (pH 
7.3 at 70°C), 50 mM KC1, 10 mM MgCl 2 and 1 mM each of 
dATP. dGTP, dCTP and dTTP. The reaction mixtures were 
prewarmed to 70°C for Ave minutes, followed by the addition 
of 0. 1 pmol of Taq DNA polymerase (a 1 : 1 molar equivalent 
of enzyme to DNA ) in l/10th volume of enzyme diluent (10 
mM TrisHCl, pH 8.0, 50 mM KC1, 0.1 mM EDTA, 0.5 ft 
Nonidet P40, 0.5% Tween 20, and 500 jig/m) gelatin). After 
incubation at 70°C for five minutes, the reactions were stopped 
by the addition of EDTA to a final concentration of IS mM. 
Variations from these conditions are indicated in the legends to 
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, individual Figures and Tables. Samples of etch reaction were 
analyzed for (he extern of gap-filling lynthetu by agarose gel 
electrophoresis as previously described (1 1). In all cases reported 
here, polymerization yielded reaction products that migrated 
coincident with a double-stranded nicked (RFH) DNA standard 
(data not shown). 

M13tnp2 fidelity assays 

All classes of DNA polymerase errors are measured In the 
M13mp2 forward mutation asaay as a result of a single round 
of hviiw DNA synthesis to fill a 390 base gap located opposite 
the wild-type M13mp2 lac 2a target sequence (1 1). Mutations 
are scored as light blue or colorless plaques after transaction 
of competent Escherichia coli strain MC1061 with the synthesis 
products, as described previously (10). Included in the types of 
errors detected in this assay are single base substitution errors 
at 1 14 template positions (12, and unpublished observations) and 
single-base frameshifts at 150 template positions (13). 

The DNA templates for the reversion assays are made using 
defin ed lacZa mutant sequences which are completely defective 
for ohconapleamutioo and resuh in cokxiess plaque phenotypes. 
In these a ssays, DNA polymerase errors are detected as blue 
'mamas' phage plaques. Base substitution errors can be 
monitored in the A89 opal codon reversion assay (10, 14), which 
<tadseight of nine possible sjngle-base~substitution errors at 
this cote. The +T70 frameshift reversion assay measures the 
loss of a single base, either as a single thymine residue in a 
sequence of Ave oooaocqtiye thymine hang* or a* r*%+ k»«» y if 
shea elsewhere In the lac la sequence (15). 

In aB M13mp2 assays, polymerase errors can be quantitated 
naaant frequency, defined as the proportion of mutant 
plaques to the local mincer of plaques scored. To confirm the 



phenotypic 



icr tham 



artifacts of plating conditions, the mutant phage are replated t# 
the presence of wild-type M13mp2 phage. After DNA sequencF 
analysis, the polymerase error rate per detectable nucleotide (ER) 
can be calculated from the mutant frequency (MF) as foUowfc 
ER = Yl ([(observed MF-background MF) / 0.6)] + aj| 
detectable sites) (see above), where 0.6 is the frequency of 
expression of the viral minus strand in £ coli (10). Tfe 
background frequency for the opal codon reversion assay was 
determined to be 4xl0-«, while that for the +T70 frameshift 
reversion assay is 1.4 x 10~ 5 . The background frequencies that 
were used to calculate error rates for the forward mutation assay 
are 3 x 10"* for base substitution mutations and 0.6 x 10-*fbr 
single base frameshifts (16). 



RESULTS 



Fidelity versus MgClj concentration 

The effect of Mg+* ion concentration on the base substitution 
and frameshift error rates of Taq polymerase was examined Mfc 
varying the total amount of MgOj present in the DNA synthesflf 
reactions. Using 250 ?M each of four (1 mM total! 
deoxynudeotide triphosphates and 1 mM MgCl 2> we observed^ 
a base substitution reversion frequency of 40 x 10~ 6 (Figure 1). 
Tim mutant frequency increased as the MgCl 2 concentration was " 
increased, with an observed value of 340 xlO" 6 at 20 mM 
MgClj (Figure 1). A similar response to MgCl 2 was observe 
in the frameshift reversion assay: at equimolar MgCl 2 
dNTPs, the reversion frequency was near the spontan 
frequency (1.4* 10"*) but increased to -20 x 10-' «' 
10 mM MgClj (Figure I). When MgClj and dNTPs are presert J 
in equimolar concentrations relative to excess MgCl 2 a six-fold | 
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increase in the reason mcunauon time wis required for complete 
gap-filling synthesis. 

F °V bo<h hase substitution and frameshift errors, fidelity was 
wgnest at a MgCl 2 concentration that was equimolar to the total 
«*sewration of dNTP substrates present in the reaction 
*«™»onaJ experiments were performed to determine whether 
me error rate varied as a function of total MgCl 2 or MgCl 2 in 
«oea» over deoxynucleotide triphosphaies. For example, nkh 
«« substitution fidelity (1/300,000) was also observed for 
reactions containing 4 mM total dNTPs (1 mM each of dATP, 
u dGTP and d CTP) and 4 mM MgCl, (Table 1). 
nc^ever. a 12-fold higher base substitution error rate (1/24 000) 
ww observed when DNA synthesis reactions contained a'rwo- 
tower MgCl, concentration (2 mM) but only ImM total 

of ,/& e Hi?h excess M « C, J resu,ted in an error rate 
^J- 1/5.000 at both dNTP concentrations (Table 1), Similar 

"w* were observed for analogous frameshift assays (Table 1). 

ne changes in dNTP concentration alone cannot account for the 
°W*rved fidelity differences (sec below). Therefore, these data 
«^ly suggest that the fidelity of Taq polymerase responds not 

uL^, MgClj «>™>^*»on. but rather to the amount 
r_W-l2 »n excess over the total deoxynucleotide triphosphates 
v**m during DNA synthesis. — — 

fidelity versus pH 

^fidelity DNA synthesis by Taq polymerase was also 
^served at low reaction pH. In the opal codon reversion assay, 
"*i mutant frequencies ranging from 14 -66x107* were 
**™d at pH 5 -6 (70'Q using Tris and 4-trwrpholii.eethar*. 
£Z£ a * '^buffers (Figure 2)< sJruUr muUm 
^jcncies were obtained using reactions buffered to pH 5.0 and 
As ^P'Pe^i^etWsulforuc acid) (data not shown). 
ab °! e for *««*»ing the concentration of MgCl,. 
reaction times are required for Taq polymerase to 
^-opiete gap-filling synthesis when the reaction pH is less than 



w, vm-6 ..^' n,UOn . muum frequency iocreaaed to 
360X10 • as the pH was increased to pH 8.2 (Tris buffer) 
(Figure 2). Thus, the base substitution error rate of Tan 
polymerase changes approximately 60-fold in response to a three 
unit pH change (Table 1). The frameshift reversion rmiueney 
of 7a, polyrneraaealso varied with dttnging reaction pH Using 
Tns buffer at 70°C, a mean mutant frequency of 2.7x 10"* wu 
observed « pH 5.7. a two-fold increase over the background 
frameshift frequency (Figure 2). The ininus<ooe-base^rror rate 
was 2 1 1-fold lower at pH 5.7 than at pH 8.2 (Table 1) 



rmeuiy versus aeoxynucleothk triphosphate 11Iwinrtl 

In opal codon reversion assay , the base subswution error rate 

rS?, ( y^ 000 ^ and . 1 ^ M dNTPs 0/12.000) at 10 mM MgO, 
(pH 71) , A similar decrease in mutant frequency over this range 
of dNTP corratrations was observed in the frameshift revenioc 
assay (data not shown). 

High fidelity DNA synthesis in the forward nutation assay 
The reversion assay measurements indicate that the two most 
influential parameter! affecting the fidelity of Taq polymerase " 
irepH and the concentration of MgCl 2 relative to the total 
dNTP anxxmraoon. To determine if the effects on fidelity could 
be generalized to a larger number of template sites and types 
^V 8 ? monitored in the reversion assays, we 
detemuned the fidelity of Taq polymerase in the forward mutation 

!S" PH f^Wi) * e * independenUy and in 
£^ D . 0n «^ S ,£^ n fa Tab,e 2A ' Creasing the reaction pH 

2Si • TO with 8 W « h excess M «** «*™owion 
resulted in a two-fold decrease in the forward mutant frequency, 

wtutedecreasing the MgCl 2 concentration from 10 mM to I mM 

resulted in a four-fold decrease in mutant frequency. At low pH 

«M « 1 mM concentration of MgCl, and total dNTPs (250 uM 

each of four), the mutant frequency was only three-fold above 
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the background mutant frequency of the assay (Table 2A). The 
same high fidelity for Taq polymerase was observed when gap- 
filling synthesis was carried out using 2 mM MgCl 2 and 200 mM 
dNTPs (Table 2B), reaction conditions close to standard PCR 
— ihions (7). 



A detailed characterization of the types of mutations which are 
detected in the lacZ forward mutation assay is available (see ' 
'Experimental procedures'). This inJonnation together with DNa 
sequence analysis of independent mutants and control experiments 
can be used to calculate the average error rate per detectable 
nucleotide polymerized for the spectrum of base substitution and 
frameshift errors produced by the polymerase. We have 
determined the DNA sequence changes of 30 mutants obtained 
from two high fidelity (l mM MgCl 2 , 250 /aM each dNTP. pH 
7.2) Taq polymerase reactions with an average mutant frequency^ 
of 16 x 10" 4 . In this collection are 27 single base substitution * 
mutations, one minus-one-base frameshift mutation, and two other k 
types of sequence changes. These data demonstrate that under ' 
high fidelity conditions the average minus-one base frameshift 
error rate of Taq polymerase is 1/1,800,000, a 50-fold higher * 
frameshift fidelity than previously reported, while the average * 
single hose substitution error rate is t/58,000 t an eight-fold higher " 
fidelity than previously described using higher pH and MgCl 3 
(1, Table 1). 

Lack of a delectable proofreading exonuclease activity under 
high fidelity reaction conditions 

We have compared the 3' -5' proofreading exonuclease activity 
of Taq polymerase at low and high fidelity reaction conditions 
to the activities of the Klcnow fragment of £. coli DNA 
polymerase I and a 3'-5' exonuclease-deficiem derivative of 
the Klenow fragment (D355A, E357A) (12) in an Ml 3mp2 Wd 
3'-terminal mismatch excision assay (14), No 3'— 5' exonuclease i 
activity of the Taq polymerase was detected using low reaction * 
pH or equimoiar concentrations of magnesium chloride and 
deoxynucleotide triphosphates after pi^iiscutarion of 0.37 praol $ 
of enzyme with the DNA substrate for three minutes (data not * 

I 



1 



shown). Assuming a detection limit of 10% excision for this 
amy, we can state that the 3'-5' exonucieave activity of the 
^polymerase is at least KMoId lest than that of the Klenow 
frifment of wild-type £ coH DNA polymerase I under all 
conditions assayed. 



DISCUSSION 

We have demonstrated that the fidelity of DNA synthesis in vitro 
catalyzed by the Thermus aquaticus DNA polymerase responds 
strongly to changes in relative MgCl 2 concentration and pH. A 
base substitution error rate as low as I0~ 5 and a frameshift error 
rate of 10" 6 can be achieved using equimolar concentrations of 
magnesium chloride and deoxynocleotide triphosphates in Taq 
polymerase reactions (Table 1). High fidelity DNA synthesis by 
a polymerase which lacks a 3'~5' proofreading exonuckase was 
quite unexpected for two reasons. In the forward mutation assay, 
average fidelity is at least ten-fold lower for the exonucleas* 
deficient DNA polymerases a and 0 (12, 13). Furthermore, the 
accuracy of the Taq polymerase using high fidelity reaction 
conditions approaches that of polymerases capable of 
proofreading, including £ coli DNA polymerase I (5) and DNA 
polymerase y (10). We are currently examining the question of 
whether effects of reaction pH and MgCI 2 concentration on 
fidelity similar to those reported here for Taq polymerase will 
be observed with other DNA polymerases. 

At the present time, the mechanising) of increased fidelity by 
low reaction pH and low concentration of MgCl 2 relative to 
deoxynucleotide triphosphates is unknown. Given the precedent 
for uncovering a cryptic exonuclease activity of DNA polymerase 
cr-primase by subunit dissociation (18), we considered the 
possibility that altering in vitro reaction conditions resulted in 
the activation of a proofreading exonuclease activity erf the Taq 
polymerase. However, we have detected no 3' -5' exonuclease 
activity in our Taq polymerase preparation under the high fidelity 
conditions of low reaction pH or equimolar concentrations of 
Mga 2 and deoxynucleotide triphosphates. Thus, the observed 
high fidelity DNA synthesis appears to be due solely to 
polymerase discrimination, at either the initial misinsertion event 
and/or the extension of a mispaired or misaligned primer- 
terminus. 

Low pH and low free Mg** ion concentration need not affect 
ndeijty by the same mechanism. The mutant frequencies observed 
in the forward mutation assay are not sufficiently greater than 
we spontaneous frequency of this assay to determine if pH and 
*Uiive MgCI 3 concentration have an additive or synergistic 
effect on fidelity (Table 2), However, the data presented do 
demonstrate that both base substitution and frameshift error rates 
are substantially affected by changes in reaction conditions 
(Table I), Furthermore, as 56* of the base substitution mutations 
produced by Taq polymerase in the forward assay under low 
fidelity conditions were T-C transition mutations (1), a greater 
™n two-fold decrease in mutant frequency at high fidelity 
conditions indicates more than this single pathway is being 
affected. We are examining the specificity of mutation* induced 
at high and low fidelity conditions to determine whether decreases 
In pH and Mg + * ion concentration equally suppress all classes 
of base substitution mutations. 

Several lines of experimental evidence support a positive 
correlation between the processivity, i.e. the number of 
*«c*ides added per association event, and the fidelity of DNA 
Polymerases (19, 20 and references therein). Interestingly, the 



Nucleic Acids Research, Vol 18, No. 13 3743 

in vitro reaction conditions that increase the fkfelity of Taq DNA 
polymerase are similar to those conditions that have been shown 
to affect the rate and processivity of other DNA polymerises. 
The processivities of the eukaryotk DNA polymerases a and 6 
as well as E. coli DNA polymerase I increase as either the 
Mga 2 concentration and/or the reaction pH are decreased (3 
21, 22). 

All DNA polymerases require the presence of a divalent metal 
cation for activation. A number of divalent metals are mutagenic 
and carcinogenic, and have been shown to efcerease the fidelity 
of DNA polymerases in vitro (23). Mutagenesis by manganese 
activation of E coii DNA polymerase I is a commrafioo- 
dependent phenomenon, with veiy low conce ntrat ions of free 
Mn ++ resulting in high fidelity DNA sytfhesis (24). Hie 
enzyme-mediated manganese mutagenesis dote ttlncmia* »Mi 
Mn*+ occupation of sites on the polymerase, but rather has 
been suggested to result from Mn*+ binding to the DNA 
template or. less likely, to the incoming dNTP substrates (24). 
Divalent metaJ cations have also been shown be involved n both 
template and primer binding by other DNA polymerases, steps 
likely to be important for polymerase discrimination of the 
incoming nucleotide triphosphates (4). 

Due to its themosubility . Taq polymerase is the enzyme of 
choice for PCR. The fidelity of this enzyme under any in vitro 
synthesis condition examined here is adequate to yield amplified 
DNA of sufficient quality for studies with biochemical endpoints, 
such as DNA sequencing or blot hybridization, where the rare 
error does not interfere with the analyses. However, the results 
presented in this communication suggest that PCR reactions 
wherein fidelity is of concern should employ low concentrations 
of dNTPs and low concentrations of MgCl 2 in excess over total 
dNTPs. The use of lower pH reactions may be of benefit for 
high fidelity synthesis under some circumstances, but the 
increased fidelity of the polymerase may be offset by the increased 
rate of DNA damage (depurination and/or deamination), 
particularly at high temperature (25). An important point to note 
is that conditions that are optimal for polymerase fidelity are not 
necessarily those that are optimal for synthetic rate and/or product 
yield in PCR (3, Figures 1 and 2). Nevertheless, in those instances 
where the characterization of individual molecules generated 
during PCR (7) or of rare DNA molecules present in the starting 
population (8) is required, high fidelity amplification by the Taq 
polymerase will be necessary for maintaining the integrity of the 
genetic information. 
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